X-Ray and Gamma-Ray Studies
of Particle Acceleration in
Supernova Remnants
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SNRs = Cosmic-Ray Sources!

Supernova remnants have been thought to be

accelerating cosmic rays up to the knee (PeV) Cosmic Ray Spectra of Various Experiments l

thorough the diffusive shock acceleration mechanism

LEAP - satnllite

~ Proton - satellite
. f, £
(1 part":'e'm 'Sec) Yakustk - ground array

Synchrotron X-rays and TeV gamma rays from SNRs R
= Evidence of acceleration up to TeV energies g

HiRes1 mono « air fluorescence

Flux (m? sr GeV sec)’

HiRos2 mono - air fluorescence
HiRes Sterea - air fluorescence

Auger - hybrid

Knee ‘
1 particle:'mz-year) |

SN 1006
(d) Chandra H.E.S.S.

‘ — A \ (1 particle/km’-year) —
' i L

{1 particle/kmz-cenlury}

.}’ . ; 1. | 11l 1 ’ “;:-1 1“;. | “ww]‘ | , |‘|:J Loaiom o 11 .:. ‘
30’ . - PRI S bbb - - — A dile ARS8 ) S PRRSY - bdiia - b RN S -nbid -d done - pa—

10" 10" 10" 102 10" 10" 10™ 10™ 10" 10" 10" 10®
Energy (eV)




Suzaku (XIS + HXD) Results
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Suzaku has been probing electrons accelerated
in SNRs through XIS + HXD measurements of
synchrotron X-rays
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Suzaku (XIS + HXD) Results
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SNRs = Cosmic-Ray Sources!

Supernova remnants have been thought to be
i - Cosmic Ray Spectra of Various Experiment
accelerating cosmic rays up to the knee (PeV) lw,

thorough the diffusive shock acceleration mechanism

LEAP - satnllite

Proton - satellite

(1 particle.’mz-sec)

Synchrotron X-rays and TeV gamma rays from SNRs OB
= Evidence of acceleration up to TeV energies g

HiRes1 mono « air fluorescence

Flux (m? sr GeV sec)’

HiRos2 mono - air fluorescence

We still need evidence of ol vt o

|. Acceleration of protons/ions in SNRs . |
. | nee
2. Acceleration up to PeV energies Qo (1 POICIONT o).
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Magnetic Field Amplification

RX JI713.7-3946 Uchiyama-+ 2007

Year-scale variability of X-ray flux from
filamentary structures

Explained by rapid acceleration and
synchrotron cooling of electrons

Required B field strength ~ | mG

Magnetic Field Amplification
essential to reach PeV energies

E arcsec




Locations of BV and CD

Tycho

Warren+ 2005

Narrow gap between the contact
discontinuity (CD) and the blast wave
(BW) observed in Tycho’s SNR

Inconsistent with adiabatic hydrodynamic
models of SNR evolution



Gamma-Ray Spectrum

One of the few channels to probe hadronic
component of cosmic rays
= Gamma rays from decays of TI mesons
pp = ppTT°
0 — 2y

TeV gamma-ray spectra can be fit by TT%-decay
emission (hadronic model)
but also by leptonic emission such as inverse
Compton scattering or bremsstrahlung
(leptonic model)
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Fermi Large Area Telescope

Pair-production telescope launched in June, 2008
Energy Range: from 20 MeV to > 300 GeV
Angler Resolution: < |° (68% containment at | GeV)
Effective Area: 8000 cm? (on axis at | GeV)
Field of View:2.4 sr

Covers the key energy range to study SNRs

Prelaunch Simulation (RX |1713.7-3946)
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RX |1713.7—3946

One of the well studied TeV-bright SNRs
Age ~ 1600 yr, Distance ~ | kpc

X-rays dominated by non-thermal emission (eg Takahashi+ 2008)

Similar morphologies between X-rays and TeV gamma rays




Leptonic or Hadronic ?

Difficult to explain Suzaku and H.E.S.S. spectra with

leptonic emission from the same electron population

(Tanaka+ 2008)

However, if the gamma rays are of hadronic origin,

Suzaku would have detected thermal emission
(Note that they assumed uniform CSM)
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RXJI713: Fermi LAT Image

The Fermi LAT collaboration recently published the results (Abdo+ 2011)
Spatially extended source at the location of the SNR
The extent determined by a maximum likelihood fit is consistent with that of the
SNR observed in other wavelengths

Fermi LAT count maps (> 3 GeV)
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RX JI713: Fermi LAT Spectrum

Fermi LAT spectrum: Very hard with [ = 1.5 £ 0.1 (stat) £ 0.1 (sys)
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The Fermi LAT + H.E.S.S. spectrum can be fit well with leptonic models
How to reconcile with the large magnetic field?
If interpreted with hadronic models, extremely hard proton spectrum is required to fit the data
(proton index must be s, ~ 1.5 to fit the Fermi LAT spectrum)



Hard Gamma-Ray Spectrum

An interesting paper by Inoue+ (201 |)

They considered highly inhomogeneous
structure of the molecular cloud interacting

with RX J1713.7-3946 (Fukui+ 2004)

SN explosion in a bubble created by stellar
wind from the massive progenitor

Dense clumps stay inside the bubble because
of their high density

Higher energy protons can penetrate into the
cloud core where target gas density is high

Photon index of TT°-decay gamma rays can be

sp — 0.5 = |.5 for sp = 2, where s; is index of the
proton acceleration spectrum

Simple discussion based solely
on gamma-ray spectral shape
may not be correct!!
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FIG. 10.— Schematic picture of the shock-cloud interaction model. Pri-
mary forward shock wave propagates through the cloudy wind bubble, where
particle acceleration operates. Transmitted shock waves in clouds are stalled,
which suppresses thermal X-ray line emission and particle acceleration in
clouds. Shock-cloud interactions induce shock deformations and turbulent
eddies. The turbulent dynamo effect amplifies the magnetic field that en-
hances synchrotron emissions. Secondary reflected shock waves are gener-
ated when the primary shock hits clouds that induce the short-time variabil-
ity of synchrotron X rays where magnetic field strength is ~ 1 mG around
shocked clouds. Hadronic gamma rays are emitted from dense clouds illu-
minated by accelerated protons whose photon index can be p—1/2 = 1.5 for
p=2.




RX ]0852.0—4622 (Vela r.)

TeV Gamma-ray Image by H.E.S.S.
(Aharonian+ 2007)

Another TeV-bright young SNR
Discovered by ROSAT (Aschenbach 1998)

Non-thermal X-rays (Slane+ 2001)

Detected in TeV
CANGAROO: Katagiri+ (2005)

Spatially resolved image by H.E.S.S.
(Aharonian+ 2005, 2007)

Latest estimate of age & distance (Katsuda+ 2008):
T = 17004300 yr, D ~ 750 pc
(Further away than the Vela SNR)

08h40m
A (hours)

Y -
~ ) 4 . A < » ' & K 7
. ‘. o .

% Vela SNR

LR 1

. ot 27T S SRR
o SO :-"-‘fr..g’_ e
"7. 2 -4 ."" 1 -
A . - . ~ o
L > \ "_ .
L &/ " ol L '
R 3 PR o "




RX J0852: Fermi LAT Image

Fermi LAT count maps (> 10 GeV)

Tanaka+ 201 | in prep.

Preliminary Preliminary
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RX J0852: Fermi LAT Spectrum

Tanaka+ 201 | in prep.
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Power-law fit to the Fermi LAT spectrum yields [ = 1.87 £ 0.08 (stat) £ 0.17 (sys)
The hadronic model requires a large amount of protons (5 x 10°? erg for n = 0.1 cm™)
How to reconcile the weak magnetic field with X-ray filaments in the case of the leptonic model



Middle-Aged SNRs
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SNRs Interacting with Molecular Clouds

Interaction with molecular clouds — higher gas density
— we can expect brighter T1%-decay emission

L L p@ W,: total energy in accelerated protons,
F XX d2 n: target gas density,

d: distance to the SNR

EGRET error circles on ROSAT X-ray contours
(Espositot+ 1996)

Declination

EGRET found gamma-ray sources around
SNRs interacting with molecular clouds

However, no firm association of the
sources with the SNRs
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W44

Age: 2.0 x [0*yr, Distance: 3kpc
Spatial extent: ~ 35 arcmin X 26 arcmin
Spatially coincident with 3EG ]J1856+01 14

Cloud-shell interactions
CO (Seta et al. 2004), Bright radio source (SigHz ~ 230 Jy)
OH maser (1720 MHz: Hoffman et al. 2005), Filamentary shell structures
mid-IR (traces shocked H»; Reach et al. 2006 )




W44: Fermi LAT Image

Count Map Deconvolved Image
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W44: Fermi LAT Spectrum

Red vertical bars: 1-0 statistical errors
Black vertical bars: systematic errors

Whipple
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Spectral break at a few GeV
Tr%-decay model can explain the data well
Leptonic scenarios have difficulties
Bremsstrahlung: difficult to fit the radio and GeV data at the same time
IC: requires large amount of electrons (~ 10°! erg)



Similar Case:W5I1C

Age: 3.0 x |0* yr, Distance: 6 kpc

Count Map Abdo+ 2009
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Contours: ROSAT X-ray (Koo+ 1995)

Diamond: CXO |192318.5+143035 (PWN?) (Koo+ 2005)

One of the most luminous gamma-ray sources L = | x 103¢ (D/6 kpc)? erg s~
Spectral steepening
T1%-decay model can reasonably explain the data
Leptonic scenarios have difficulties similar to those for VW44



Similar Case: |IC 443

Spatially extended emission detected with the Fermi LAT
Similar spectral steepening to W51 C and W44
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Gamma-Ray Production Site

Molecular Cloud

Uchiyama+ 2010

Supernova

Remnant Radiatively-compressed

filament of CRs & B-field

Escaping
CRs e.g. Ohira+ 2010




Crushed Cloud Model

Results for W44 Uchiyama+ 2010
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Reacceleration of pre-exsiting Galactic cosmic rays at cloud radiative shocks
Naturally explain the large gamma-ray luminosity of ~ 103> erg s~
and the flat (X = 0.37) radio spectrum



Gamma-Ray Production Site

Molecular Cloud

Uchiyama+ 2010

Supernova

Remnant Radiatively-compressed

filament of CRs & B-field

Escaping
CRs e.g. Ohira+ 2010




A Escape Model Case?: W28

Fermi LAT Count Map
(2-10 GeV) Abdo+ 2010
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Gamma-ray emission from a molecular cloud outside the SNR



Summary

® X-ray and TeV gamma-ray observations have been providing
evidence for cosmic-ray acceleration in SNRs

® GeV observations by the Fermi LAT opened up a new
window to study particle acceleration in SNRs

Fermi LAT detected gamma rays from two ma]or TeV-brlght
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